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1. INTRODUCTION

1.1 Background

The United States Nuclear Regulatory Commission (USNRC) has a need to
understand the distribution and causes of certhquakes in the eastern United
States, which have not been studied as adequately as in the more seismic
regions of the western part of the country. In order to determine better
these seismic characteristics, a USNRC research program has been developed
which endeavours to delineate active features and to determine the levels of
seismic activity associated with them. This requires detailed monitoring by
strategically situated networks of closely spaced seismographs. Several
networks have been installed, including the North Eastern United States
Seismic Network (NEUSSN) which monitors the entire northeastern U.S.

The seismically-active features of the northeastern U.S. are only part
of a much larger zone of activity extending from Lake Erie to the Canadian
Maritime provinces and offshore to the edge of the continental shelf, and
northward into eastern Ontario, western Quebec and the lower St. Lawrence
valley. Monitoring of Canadian seismicity is the responsibility of the Earth

'1 A Phyggpr B,gtneh (EPB) of the Canadian Department of Energy, Mines and Resources./ N

In 1978, informal discussion between USNRC and EPB took place to find a
mechanism whereby USNRC could obtain regular access to seismological data,
information and research reports on the more seismically-active areas in
eastern Canada adjacent to the U.S. This led, in 1979, to the Canadian
Seismic Agreement, a contract between the USNRC and the Canadian Commercial
Corporation, with contract performance under the direction of EPB.

1.2 Canadian Seismic Agreement 1979-1984

The first Canadian Seismic Agreement contract (NRC-04-79-180) was in
effect from 01 April 1979 to 31 March 1984, and was extended to 31 May 1984.
Under this agreement the USNRC received the following items and services:

1) access to the data generated by the Eastern Canadian Telemetered
Network (ECTN);

11) preliminary epleenters and phase information on earthquakes in the
vicinity of the U.S.-Canada border; and

ill) analysed data, such as focal mechanisms, isoscismals and final
hypocenters, and data from other seismic stations in Canada.

In early 1979, the ECTN consisted of ten stations with data recording
on-line at the Seismological Laboratory in Ottawa. The funds obtained by EPD
under this agreement were expended for :apital expansion of the ECTN,
non-recurring R & D costs, data telemetry line rentals, and hardware and

! software developments in the Seismological Laboratory.

The major portion of this report constitutes the final report of
achievements under this agreement, including descriptions of the current ECTN
and its data acquisttlon and processing systems in the Seismological
Laboratory, and a summary of eastern Canadian earthquakes and associated
research results whose data capture and study were, in part, made possible by
the expanded ECTN.
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1.3 Canadian Seismic Arreement 1984-1986

In 1983, in further informal discussions between USNRC and EPB, USNRC
expressed an interest in continuing the original Canadian Seismic Agreement
and expanding the agreement to include gaining access to data from an expanded
network of strong motion seismographs in eastern Canada. Administrative
arrangements for the new agreement took most of 1984, and the new contract
(NRC-04-85-110) with the Canadian Commercial Corporation was signed in
February, 1985. This agreement is in effect from 01 June 1984 to 31 March
1986, and it is anticipated that the contract will be renewed annually for a

*
minimum of five years.

Under this agreement the USNRC will receive the same items and services
described under Section 1.2 above, and, in addition will receive preliminary
copies of the film from the strong motion seismograph network in eastern
Canada for all significant recorded strong motion, and will have access to
digitized, corrected and analysed data.

The additional funds obtained by EPB under this agreement will be
expended for capital acquisition and installation of an expanded strong motion
seismograph network centred on the Charlevoix seismic zone in the lower St.
Lawrence valley, and on the maintenance and operation of this network. During
1984 EPB commenced this strong motion network expansion and the final section
of this report constitutes an interim report on this work. This interim
report replaces the four quarterly reports for 30 June, 30 September and 31
December 1984, and 31 March 1985 specified in the new contract.

2. EASTERN CANADIAN TELEMETERED NETWORK

2.1 Introduction

The period 1979-1984 has seen the expansion of the ECTN from ten
stations to twenty-two stations. This was one of the major goals of the first
Canadian Seismic Agreement, and has had a significant impact on our ability to
determine regional seismicity accurately. During the five year period,
quarterly and annual reports have described the evolution of hardware and
software which has been developed and used to achieve the current
configuration. Further details, including calibration information, are
published annually by the Earth Physics Branch in its bulletin " Canadian
Selsmograph Operations".

ECTN is located in Eastern Canada with headquarters in Ott awa. Figure 1
shows the current network layout, with special symbols indicating the stations
that have been added since 1979. Information on the stations is given in
Table 1. An independent western network currently compelsing 18 stations is
located in south-western British Columbia with headquarters at Sydney, DC.
Although the details are different, essentially the same speelfications,
hardware & software apply to both networks.

The networks were first established in the early 1970's with the alm of
providing high quality digitized waveform data in real-time from regional
solsmic events. Design goals were to record broadband short period data with
wide signal dynamic range; to have convertional seismograms created at the
central sitet to develop software tools and hardware to permit time series to
be displayed on a computer terminal; and to have a means of rapidly
determining earthquake epicentres. It was hoped that the availability of high
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Table 1. Eastern Canada Telemetered Network Stations

STATION LAT. LONG. ELEVATION OPERATING DATES
(*N) (*W) (m)

Cttcwa, Ont. (OTT) 45.3942 75.7167 77 Feb. 24/74 to Apr. 25/78;
Jan. 26/79 to date

Montr6al, Qu6. (MNT) 45.5025 73.6230 112 Feb. 24/74 to date

Manicouagan, Qu6. (MNQ) 50.5333 68.7744 564 Nov. 27/74 to date

C::tilly, Qu6. (CNT) 46.3628 72.3722 10 Apr. 26/78 to date

C1cn Almond, Que (CAC) 45.7033 75.4783 62 Oct. 26/79 to date

L3 Pocat1&re. Qu6. (LPQ) 47.3408 70.0094 126 June 6/80 to date

Sh rbrooke, Que. (SBQ) 45.3783 71.9264 265 Aug. 12/80 to date

Val-d'Or, Que. (VDQ) 48.2300 77.9717 305 Dec. 9/80 to date

Williamsburg, Ont. (WBO) 45.0003 75.2750 85 Dec. 9/80 to date

Ch31k River, Ont. (CKO) 45.9944 77.4500 190 Jan. 12/81 to date

Mont-Tremblant, Que. (TRQ) 46.2222 74.5556 853 Mar. 16/81 to date

Cr nd-Remous, Qu6. (CRQ) 46.6067 75.8600 290 Mar. 16/81 to date

Cr:sses-Roches, Qu4. (CSQ) 48.9142 67.1106 398 Oct. 28/81 to date

Edmundston, N.B. (EBN) 47.462 68.242 195 Oct. 28/81 to date

St. George, N.B. (CCN) 45.117 66.822 30 Oct. 28/81 to date

Caledonia Mtn., N.B. (LMN) 45.852 64.806 363 Oct. 28/81 to date

McK:ndrick L., N.B. (KLN) 46.8433 66.3717 411 Jan. 28/82 to date

H::tcrive, Qud. (HTQ) 49.1917 68.3939 123 Apr. 15/82 to date

Welcome, Ont. (WEO) 44.0186 78.3744 149 Apr. 30/82 to date

L3 Crande-4, Que (KAQ) 53.9833 73.5230 472 Mar. 21/83 to date

Sudbury, Ont. (SUO) 46.4027 81.0068 252 Mar. 8/84 to date

Eld 0, Ont. (EEO) 46.6411 79.0733 398 Dec. 16/84 to date
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i quality machine-readable data would lead to novel wavoform processing
l techniques and hence to an improved understanding of the earthquake

processes. Although it has taken longer than expected, most of these goalsI

j have now been achieved. This Section gives an overview of the ECTN system and
the factors that influenced its design. It then describes in more detall the
hardware and software that has been developed, and finally comments on the

overall system performance.

2.2 System Overview

The ECTN currently consists of twenty-two telemetered seismograph
stations, a radio and telecommunications network, and a central data
acquisition and data analysis faellity located at Ottawa. In addition, events

from an autonomous local processor installed at Sudbury are gathered daily
using a dial-up telephone link.

A typical outstation consists of a short period selsmometer located in a
surface vault and an electronics package which digitizes the selsmograph
signal at 60 samples per second (s/s). Both telephone lines and UHF radio
links are used to telemeter the digital data to the Data Laboratory at
Ottawa. Radio links are used for the nearby stations, and for stations
located in extremely remote areas to gain access to the national telephone
network. Block diagrams of the telephone and radio networks are shown in
Figures 2 and 3 respectively. A unidirectional asynchronous protocol is
employed on the data transmission links with aggregate data rates betwean 1200
bits /see and 9600 bits /see on any one link. These systems receive the
multichannel digital seismic data, order them, and welte them into a five
minute data buffer. Earthquakes and other seismic events are identifled and
saved as event flies for later processing. Conventional monitor records are
obtained from approximately half of the channels.

The raw event data are transferred directly to a VAX 11/750 for editing,
analysis and archiving. High resolution graphies terminals permit
seismologists to display data and plek phaseg for epleentral determination.
Data are archived onto 6250 bpl tape organized as a series of event flies.
Copies of these tapes are available to external users.

Two of the stations in the notwork are unique. CAC includes a borehole
selsmometer from which 3 SP and 3 LP components are recorded, whilet. at
Sudbury, the SP data are processed by an autonomous local event processor
modelled after the central-site ECTN system.

2.3 System pe h n Considerations.

Conventional photographic and hot stylus seismographs have a dynamic
range of about 40 dD with the result that many interesting events are ellpped
and only first arrivals can be read. Conventional long period seismograms can
be manually digitized but this is out of the question for short period
selsmograms because of the high frequency content of the signals.

The digitizing parameters of ECTN were chosen to maximlzo systna
bandwidth, sampling rate and dynamle range, but this was constrained by the
lack of suitable storage modta and the high cost of data transmission.
Figure 4 shows the portion of the ground mollon spectrum that can be recorded
by the ECTN system in comparison with conventional seismographs.

-_____-_______________o-----_-._______--__________ _ _ . _ _ _ - -



_ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ . - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ -

A JAQ ""O Gso j 'i

V LA GRANDE MANICOUAGAN
GROSSES-ROCHES -m-

o
.

7,e HTo
vm HAUTERIVE

VAL-O*OR

# McK ICK
STON \

O LAKEo[ LA TIERE s

IVIERE-0U-LOUP
s$ HOLTVILLE

EEO
ELDEE GMT p *a% LMN

#"9GENTILLY e
8 CALEDONIA

MTN.
| /
| NT

5 MONT Q Q
SAINT JOHN

h '
'

SI GEORGE g

GGN g
WEO

NE --
\

| l

MAVILETTE'

--- Proposed phone-lines, half-duples only, type 3002
|

Existing phone-lines, half-dupten only, type 3002
e Seismic Stations; produce 1200 BPS csynchronous
612OOBPS modem; FSK,osynchronous

Concentration points
Centrol processor

Figure 2. Block dI"Eram: telephone telemetry network.

. _ . _ _ _ , - _ _ . . _ . _ _ - . _ , _ . . ._ __ _ __ . _ . .



,

M O NT- '

ph~T9TREMBLANT R9 ~ R7 : T12 Q ",

: cavity 'g
wux + T7 ILTER

7g ph 2 --

/ 5
Tto * --* R2 & TtO @R10

GRAND-REMOUS '

$ $ MONT-STE-MARIE
***AwaGRQ p
{T2 -- R3WILLIAMSSURG b Tilg

1r1r1r

CHALK RIVER T9 R9 - T3 -
COMBINER H

A CAMP FORTUNE
G A -1

CKO FOYMOUNT
RF AMP

[
R10 + Tt

\g
LEGEND

| SPLITT ER |
$ SEISWOWETER SITE -

I_ I I I

g RF CMAWEL NO. T10
' Rt R10 Rtt R12

~

T. Tem wm% m
_- A rRENes sitt 4 4 ypa,***" -

GAC WBO CKO 4A RIPEATER SITE GAC $ GLEN ALMOND
TRO

4 ccscEsTa2 Tee s:TE GRQ

'

rigure 3. Block diagram: radio telceetry netwcrk.



-B-
,

10m/s .y.: .: :.. :: a:

s;i . $ :iMi:j..i$ i ,:i !~:' 'y.
3. ; * :;.:3;

. .

:.4 :j i:: :. :
,,

.h. ::
.- *

.

. . " .

'; (.,i
''. '. *. i,;:. . .

.. . .. ..

..N.:: :

_ w:.ii
: .: g: i:.

: .:.:.: ... -

. . . . . :..
: . N..

. .. .
. ,

: w!! -

!!
- -

|
.. .

,

1mb k g0:f: i. !.!

.! . N..ih...,M:.::-
*. *5 kb~

\ ! : .: , . ,.:
,

...!..
s .:

4 .:
.. .

% . . ....

. . - t ::
' ..

:;;i !;$'ii$ii
. : *:!dN

i, N
'I! . !. -

-
.

.

's \ '*
! ..

\ g 'li!.. :g* !!:.: ;;gP N : .i. . .
% 4 ': **.p .

(Ocm/s N, \ 'Ji! !!: N.<
..

.

'' '-

::- :-.::': ,. *STRONG '* N*- , .\ \ N* '

MOTION \ 9'

ACCELEROMETERS N, g
,

'g,
g N,g ,

i icm/s \, N' '

,, N' 's-
, -,

.

N Nr
\ d

-s s,
imm/s

(/ 9-
-

. p ECTN
! t- MKil 'e

.

i o sO N
'

i d 100 /s -
-

L.R
O SEISM 0 GRAPHS
Z /S.P

'/SEISMO-3 r ,

10 /s RA

$ Y,PHS
0 /-

/
'h/.

c' - /
4::::::.:g - ,/1p/s -

p .* *

. . . . . . . . -.......*...g .

,. ...

. . . . . . . .. . . . . . .. . . . . .j. . . . . . . ....
.

. .

. . + . . . . . . . .
.

<

. . . . . . . . ./. . . . .
, . . .

. / ,) . . . . .
... _,

. . . . . . . . . .. . . . . . . . . . ,
e .. . .. . . . .. . . . .

.. . . . . . . .; :::; .. ' * ...
. . . . . . ..

... . .

. . ' . . . . .
*

..........'
.. ....

. '. . . . . . . ' . . '
.. .. . ..... . ... .. .....

, . . . . . . . . . . . . . . ,
.....

u.. : y......% em/s . . . . . . .. . . . . . . . .: :: v.... .
.

. . . . .. . . . . . .. . . . . . . . . ...... . . .

- .. . .;. . . .... , ......

c............ ... ... .. .......
. . . . . . . . . . .. . . . . . . . .:... ..

: : . :. ... .. . . . .............. : . . . ., ......

. ../..
. . . . . . . . .. . . . . . . .. . . . . . .' . . . . . . . . . . .

..

: : Q..... . . .
. . . . . . . . . ..

: :. : i. : :x....
......

. . '
. . .. . . . . .. . . . . . . . . . .

.

. . . . . . . . . .

. ....... ...

. . . . . . . .
.:- ... ......

. . .. .,

. . . . . . . ...>
:. .. <<

..

. . . . . . . . .
. . . ... .

. . . . . . . . .. . . . . . . . . . .......... .: . . . . . . .. . . . . .;. . , . .. . . . .. . . . . . ... :..
. .

... | t.- . . . ..: r
. . . . :

. . . .. . ........
: 10 nm/s 44 AV. ERA. GE S.ITE :' .:' !U T:.f: i

. g......, 4 .,
.

!A.;
'

. "' : ::::::: r r.u n. 4i
; ::*=* e ,n=,v............'..O... ! ., :,.!! : : .i : :

|
' * * *** *

: |: j*... * . i; ; ; . ==** ,

!!;! ! ! ' .:''.I:
s......... ....;... ......

: '.
'

i : |
. .. . . , ,

............ :i . : : .
- .

. . .,. :...........i

! i!;ih PM;;:::::::::::::)!' ! N01SE'AT QUIET SITE i!.' ;
........ . ..::.... . :.. . . .

1 i

i nm/s 1 I
.0 01 .01 .I i 10 100

i FREQUENCY Hz

.



- _ -

-9-

4 .

On the most sensitive gain, the ADC digitizes the background seismic
noise with a resolution of 10 ns/sec/ bit. This is quite satisfactory at most
sites, but is perhaps marginal at very quiet sites on the Canadian Shield
where the peak-to-peak background noise can be as low as 100 ns/sec. The

j corresponding clipping level at most sites is at a ground velocity of
2.6 mm/see peak-to-peak.

The nominal system responses are shown in Figures 5, 6, 7 and 8. Mark I
stations have 3 dB corner frequencies at 1 and 20 Hz with an anti-allas filter
roll-off of 30 d8 per octave. This yields - 18 dB rejection at the folding
frequency and -50 dB at 60 Hz. Mark II stations have corners at 1 Hz and 16
Hz, with anti-alias filters rolling off at 18 d8 per octave to give -16 dB at
30 Hz and -34 d8 at 60 Hz. The actual S-plane transfer functions for the
various configurations are given at the bottom of each figure.;

i The system design required the outstation hardware to have high
reliability and to be capable of operating in an outdoor environment in
sub-arctic winters and humid susumers. These factors influenced our choice of
a central timing system, and simple asynchronous data comununications. Station

,

power consumption is sufficiently low that outstatlons can operate for one
3 year from a set of pelmary electrical cells.
.

Clearly, 1970's technology could not accossmodate continuous recording of4

i digital data, and an event detector was a practical necessity. A design goal
was to permit distant earthquakes from Arctic Canada to be properly recorded.-

These are typified by a 2 to 3 minute emergent P-phase followed by a
relatively strong S-phase. It was recognized that many events would not ,

trigger on the first arrival but rather on the stronger S-phase arrival. For '

distant local events S-P timos of several minutes would need to be !

) accomunodated. Accordingly, received data was stored in a temporary ring
buffer of five minutes duration to allow up to five minutes of pre-trigger
data to be saved with the data. In practice, we have found that one minute of,

j pre-trigger data is a more practical value in order to make the most effective

j use of the limited event storage space. The event detector was based on work
. done by D.H. Welchert for the Yellowknife Selsale Array but it was optimized

to record regional as opposed to teleselsmic events.

The station at Glen Almond was installed in 1979 with the aim of.

I obtaining hands-on experience with the borehole seismometer that has been
widely used in Selsmic Research Observatories by the USGS.

! The station at Sudbury was developed as an autonomous event trlggered
; station since it was recognized that comununications costs would preclude the

use of continuous data telemetry from all seismograph sites in Canada. This
system forms part of an exhibit in the science museum, " Science North", which

: was opened to the public in 1984. This station is viewed as a conceptual
| prototype of the kind of equipment that will eventually be used when the '

| Canadian Selsmograph Network is updated. The concepts which are espected to
| be uttilzed are

j a) dial-up access to the data by high speed (9600 baud) telphone
link,

,

b) that a station will consist of two parts, a fairly simple sensor
and digitizing package with a full duplex serial link to a
station processor,

.__ _ _ _ _ _ _ - _ _ _ - _ _ - - _ _ - _ - _ _ _ _ - _ . _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - -___--___ _ __
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c) that time will be obtained from a satellite based transmitter,

d) that there will be remote control of the station from the data
I centre,

l e) that a single drum recorder will monitor one component where an
operator is available to change the paper.

2.4 Outstation Description
,

Block diagrams of Mark I and Mark II outstations are shown in Figures 9

: and 10, respectively. Mark I stations were designed, built and installed in
1973 and incorporated binary gain ranging with a 9 bit mantissa yielding a
total dynamic range of 96 dB. Mark II stations were first installed in 1977
and incorporated improved dynamic range (108 dB) and resolution by using a 12
bit ADC, a 2 bit exponent, and gains of 1, 4, 16 and 64. ;

|

Differential amplifiers are used in the front-end amplifier to give a

| common mode signal rejection better than 60 dB and seismometer damping is
'

established by plug-in resistor modules. The Mark I design incorporates a

i fifth order Butterworth Nyquist filter with corner frequency at 20 Hz, whlist
the Mark II design has a third order Butterworth filter with corner at 16 Hz.
During conversion, both mantissa and exponent are completely redetermined on *

;

! each sample. |
'

:

| The samples from different sensors and components are assembled into |
blocks of bytes called packets. A given station can generate several e

j different types of packet, each of which is identified by a unique code which
is encoded serially using the most significant bit of each byte in the;

i packet. At simple stations having only a single component, the packet
I consists of two bytes which then have 14 bits available for encoding the data

value. At the data laboratory, the processor synchronizes on these !

j longitudinal codes, reconstitutes the originsi data values, and strips off the
packet structure so that the end user is unaware of this process having taken
place. Some examples of the packet structures in use are shown in Figure 11.

f Actual data transmission is in an 8 bit asynchronous format. For
; example, when start bits and stop bits are taken into account, a two byte
j packet is encoded as 20 bits. The sample rates used were determined by

dividing the available baud rates by this factor of 20. Hence 30, 60 & 120'

i s/s correspond to the maximum sample rates that can be obtained using
i asynchronous data transmission at 600, 1200 & 2400 baud, respectively.
;

) The outstation equipment is usually mounted on the antenne tower in a
i standard electrical equipment enclosure. An insulated " heat shleid" prevents
i direct solar radiation from striking the equipment case and an air space

between the heat shleid and the case helps to minimize the summer temperature
,

4

rise in the case. In winter, no protection is required since the equipment is |,

designed to operate reliably at -40*C. Figure 12 shows a photograph of a
typteal installation. j

I

| '

! ,

I

|

1

1
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P= Parity bit (unused) p o y'y'y'y'y'y, o o y ' y ' y ' y ' y ' u, t,

EValue = M x 2 P 1 S E ,E.,E. M,M 1 0 S E,E,E M ,M H,

longitudinal code (Ic)=lb,= 2

(b) MK II OUTSTATION
Simple packet 2-Station packet 4-Station packet
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' ' ' ' ' ' ' ' ' ' '

O M ' M ' M ' M ' M ' M ' Mo O & O
y g g

i E.,E. M,M,M,M,M 4 E i E H

1 0 Lg y
Ic=2 1 y 1 E H

, , , ,

O L
IC = 16 = 14eE 3 f E | HValue = M x 4

'FIRST TRANSMITTED" 1 Ly
: 1 E H wLAST TRANSMITTED , , , ,

,

Ic = 352. = 234,o
, .

| (c) MKII- Glen Almond
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, , . . , , . . . . . . . . . . . ..

' ' '
l SPZ M LPZ M AX1 M

O E i E | 1 E H'

U U 0 '
SPN M LPN M AX2 M

O E O E O E H

' '
SPE M LPE M AX3 M

o E | t E | O E | H
, , , , , , , , , , , ,

Ic = 1 Ic = 42, = 34,o Ic = 23, = 19,o
Figure 11

|
'

L = fow byte (transmitted first) AX = ouxilliary
H = high byte (transmitted second)

i
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2.5 Multiplexina and Concentration

The multiplexing and concentration schemes both use the packet structure
to encode multiple components or multiple stations onto a single bit' stream
enabling a more cost offective use of the communication system. By~

convention, multiplexing refers to combining components at a single station,
whereas concentration is used to describe the process of combining data
streams from two or more geographically separate stations.

The most complex example of multiplexing is the station at Clen Almond
(CAC). As shown in Figure 11(c), three unique packet structures have been
defined, one for three component short period data sampled at 30 s/s, one for
three component long period data sampled at i s/s, and one for auxillary data

sampled 1 per minute. The latter is present but has.not been utilized so
far. Room is~made for the additional packets by omitting every thirtieth
sample of the short period sensor. Subsequently a process in the data
laboratory replaces this missing value with the value of the previous sample.

A concentrator receives data from two to four more distant stations and
combines packets into larger packets for retransmission at a higher bit rate.
Some earlier implementations combined the functions of digitizer and
concentrator. While this was economical in hardware, it required too many
different versions of the software, making software maintenance cumbersome.
The current practice is to allow digitizing stations to include concentrators,
but as functionally independent modules. It is permissible for the signal

from a concentrator to be routed to a second concentrator for an additional
degree of concentration. A set of tables within the concentrator firmware
defines the exact configuration to be appropriate to the site needs. As an
example, the block diagram of the concentrator at Rivi&re du Loup is shown in
Figure 13.

2.6 Clen Almond

A block diagram of the station equipment at CAC is shown in Figure 14
A Geotech model 36000 tri-axial seismometer is installed at a depth of
100 metre . The downhole package is identical to that used in seismic
Research Observatories. The uphole electronics are different in that the
short period amplifiers have been modified to provide a 1-10 Hz bandpass from
the broadband signals. The three component signals from the LP and SP outputs
are digitized by a standard ECTN gain ranging ADC at 1 s/s and 30 s/s
respectively. The time multiplexed digital bit stream is transmitted by radio
link at 1800 baud to the data laboratory where the vertical short period data
stream is processed by the ECTN event detector and all six components are
saved when a trigger occurs. In addition, continuous long period data are
saved and archived as an independent dataset.

2.7 Sudbury

A block diagram of the station at Sudbury (SUO) is shown in Figure 15.
A standard ECTN outstation is deployed at a rural location away from the

| cultural noise of the city. The data are telemetered to an event processor

| Iccated in the city of Sudbury which triggers independently of the main ECTN
processor at Ottawa and saves event flies on a hard disc. The station is

,

! equipped with an independent timing system and drum recorder. The system can
i be completely controlled from the Data Laboratory at Ottawa, with the local
| operator only changing the seismograph paper. A dial-up 9600 baud telephone

link is used to transfer the daily suite of event flies to Ottawa for editing'

and merging with the main ECTN data set.
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2.8 Overview of Datalab Hardware

The most general view of the datalab hardware is as shown in the block
! diagram of Figure 16 and the photograph of Figure 17. Figure 16 shows the

connections between the data acquisition systems, the VAX data processing
system, the user terminals, the tape archive and the dial-up remote
processors. More detail on a typical event processor can be seen in the block
diagram of Figure 18 and a further breakdown of the front-end communications
processor is shown in the block diagram of Figure 19.

2.9 Datalab Data Flow

A block diagram showing the overall data flow is shown in Figure 20.
Data bytes arriving from the various outstations are captured by hardware and
saved in a 64 byte temporary storage (a silo). The front-end processor
receives precision 60 Hz from the GOES clock ~and uses this to interrupt the
input process at 60 Hz. The silo is then emptied into one of a pale of input
buffers and time tagged. This process continues until a real-time second mark
occurs, at which point, the buffers are swapped and the absolute time is
written into the new input buffer. A background process then unscrambles the
data in the recently filled input buffer recognizing the packet structure and
using a Network Configuration Table to determine the correct format for the
output buffer. The output buffer will thus contain a complete set of network
data as acquired in the previous second ordered by station and component and
tagged with absolute time. Missing data samples are flagged and counted and
replaced with the most recent valid value. After the addition of a sum-check
word for error checking, the one second buffer is transmitted to the host

i processor.

On receipt of the one second data blocks, the host processor immediately
writes the data to the 5 minute ring buffer implemented in disc storage. The
new data are also processed by the event trigger.

The ECTN event detector decimates the input stream by a factor of two
and computes a running second difference to locate and average out single,

| sample spikes. Next, two stages of recursive digital filtering implement a
i bandpass filter having a passband of 2-5 Hz. The absolute filtered values are

integrated to form a short-term average with a 4.3 second time constant and a
long-term average with a 4.3 minute time constant. A trigger is declared when
the short-term average exceeds the long-term average by a specified threshold
factor, typically 2 to 4 The event terminates when the short-term average

again falls below the long-term average. Digital data from all channels in t

i the network are saved in an event file on disc for every detected event, and
an entry is made on the console typewriter log. The detection filteri

characteristics, time constant, and trigger threshold may each be changed onto
;

! a per channel basis to allow " tuning" the detector for events of interest.
!

A comprehensive set of utility programs are used for reporting errors,
dumping buffers, rating the clock, modifying a configuration table and so on.
A simple hardware " watchdog" is used to drive a set of " traffic light"
indicator lamps. By regularly updating the watchdog, the monitor software can
keep the green light on, indicating to the operator in a straight-forward
manner, that all is well. Checks which are made include indicating remaining

,

disk storage and correct program operation. Such a scheme 1.s particularly
useful during network operation out of normal office hours when a
commissionaire, for example, can quickly determine the system status.

,

2
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During the course of a day, a low priority background process completes
the demultiplexing of the data to order them by station component in each
event flie. The demultiplexed data is copied to the shared event disc for
subsequent processing and viewing.

|
'

A second data collection process operates in parallel with the event
trigger to gather the long period data from CAC into a day file. Continuous
GAC data goes into this file which is normally closed and the new one opened
at 9 hours EST each day.

,

,

The central-site software is completely table driven. Most network
j configuration and system control parameters may be modified by editing a

simple ASCII Network Configuration file, then running the configuration
program. Changes to the front-end processor take effect on re-boot. In

addition, a simple host /f tent end message exchange interface allows an
operator to modify certain parameters in the front-end on-the-fly. For

| example, one of the fields in the configuration table is used to determine
which of the station data are to be sent by the front-end processor to the
drum recorders via digital-to-analog converters. Because of the processing
delays, the drum recorders operate 2 seconds behind real time; however, since
time marks are also dalayed, a valid record is obtained.

To permit flexibility in network reconfiguration, the program and more
particularly, the network configuration table is downloaded from the host
process on start-up and stored in read-write memory so that it ca7 be easily
modified by the operator. In the event that the front-end must or started up
when the host is down, a back-up program and table are stored in ROM in the
front-end. Making changes here is clearly much more tedious but is
nevertheless possible.

Data from the Sudbury (SUO) remote processor are obtained on a daily
basis by dial-up 9600 baud telephone link using the public phone network. The
SUO event files are subsequently merged with the main ECTN files when they
overlap (as from January 1985).

2.10 Data Analysis Facilities

The data analysis software runs on a VAX-11/750. Key elements are the
electrostatic plotter for hard copy printout of signal traces, the graphics
terminals and the high density tape delves for archiving the data. An
interactive data analysis program with acronym " SAM" (Seismic Analysis
Monitor) has been developed as a tool that seismologists use to:.

- select events for interactive analysis;
- display time series traces and pick and name phases using a

comprehensive set of screen commands;
- calculate epicentres utilizing both direct and refracted phases

and a spherical earth model;

- merge data from overlapping event flies into a single composite
event file;

- archive and restore data to and from magnetic tape; and
- filter data as required.

.

t

__ . _ - . ,
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|
2.11 System performance

A key parameter in assessing the performance of any real-time seismic
; data acquisition system is its downtime. The downtime rtatistics for the

network over the past five years are sussnarized in Table 2 and were determined
# by counting missed samples accumulated on a. daily basis. Typical annual

downtimes for outstations with telephone coasmunications are of the order of 1%
in the absence of specific problems. At the start of the period, comparable

; figures were obtained for the outstations using radio links, but in more
recent years the reliability has deteriorated as a result of radio1 ,

interference in the vicinity of Ottawa, and in particular at the radio !
. repeater station at Camp Fortune. There ls no easy solution to this problem |

j because of congestion in the usage of the radio spectrum and because the most
favorable radio repeater sites are also the most popular. |:

1
.

"

| During the early years, a fully redundant processing system was not used
j and, on cecasion, unacceptable data loss occurred (for example some of the
j largest Miramicht events in 1982). As a result, two essentially identical
j processors were set up to process all incoming data in parallel and create two
; independent event data sets. This fully redundant operation is used whenever
$ an operator is not present in the data lab, principally weekends and evenings.
) When the system is working correctly the redundant data set is simply erased. !

j In addition, both systems have been equipped with red-yellow-green traffic !

7 lights to give a simple unambiguous statement via the software on the
.

.

j state-of-health of each system.

I
J

In general,'the reliability of the outstation hardware has been j

j excellent with some sites operating for periods of several years without *

I failure. As an example of the ruggedness of the equipment, the station at JAQ f
! has operated in summer temperatures of 30*C and winter temperatures of -40*C {
! without problems. !

1 !

| 2.12 Data Archive
!

The ICTN archive contains digital waveform data commencing from July. .

} 1975, to the present. Earlier data, obtained during the initial development
I stages, have unfortunately become unreadable and have been discarded. At I

i present, the archive holds approximately 4100 events, including local

{ earthquakes, blasts, teleseisms, and calibrations. New data are accumulating

| at a rate of about 25 events per week. I

t i

j Originally, the data were written in a plethora of different formats, j
j . reflecting changes in operating systems, application software versions, and :
i the addition of new channels over the years. We are currently in the process i

) of reading all the old data tapes and converting them to a standard format ;

directly accessible by SAM. When this process is completed, the entire !,

I
i archive will comprise some forty 2400 foot tapes recorded at 6250 bits per

inch density.

a

i 2.13 Discussion

The original decisions regarding bandwidth and sample rate are still
'

; appropriate in 1985. In retrospect, the Nyquist filter of the Mark I stations
'

i should have been retained since there is evidence of aliasing in some signal

{ spectra as recorded in Mark II stations. The next generation of outstation

i (Mark III), which are planned, will have better aliasing protection. !
'

1

k !
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TABLE 2. ECTN DOWNTIMES 1981-1984

_

Radio
Station % Downtime by year or Comments

Telephone

1984 1983 1982 1981 -

Front end 0.1 0.0 0.00 0.4 Computer only-

Host 0.2 0.2 0.05 0.2 Computer only-

OTT 3.9 7.5 0.5 0.4 Direct connection-

MNT 0.1 0.8 1.0 0.7 T

MIQ - - - 0.4 T

MNQ 1.8 0.4 0.04 1.4 T
|

GNT 7.0 5.7 0.5 0.1 T

SBQ 0.1 0.0 1.1 3.8 T

LPQ 9.0 5.4 18.2 1.2 i

FHO - - - 0.3 R/T

JAQ KAQ LDQ 12 5 5.0 13 03 R/T

MEO 5.8 1.1 0.0 T-

..

GAC SPZ 4.2 2.8 2.3 0.1 R

UDQ 0.9 07 2.7 3.0 T

680 17.8 5.8 0.2 0.4 R Via Camp Fortune
,

CKO 31.8 57 2.4 3.0 R Via Camp Fortune

TRQ 11.0 54.2 16.2 0.1 R Via Camp Fortune

GRQ 10.3 23.3 22.6 0.1 R Via Camp Fortune

GSQ 2.1 0.6 1.6 - T

EBN 4.3 0.9 1.8 T-

GGN 1.9 0.9 8.4 - T
_ _ _ _

_

LMN 12.7 11.2 32 3 T-

------ .--- .. -_

XLN 3.1 11.2 5.4 R/T-

____.=_ --

HTQ 1.3 0.2 03 T-

EE0 2.1 T- - -

-__ .- _
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Differential signal amplification of the seismometer signal is considered both
useful and essential. On two occasions, a poorly adjusted common mode
rejection circuit has led to long period noise on the seismograms. This is
interpreted as being caused by aliased 60 Hz line interference (aliased from
59.95 Hz to 20 seconds) and demonstrates the need to reject 60 Hz common mode
signals.

The wide dynamic range has been useful. Figure 21 shows the seismogram
recorded at Edmundston, N.B., some 138 km distant from a magnitude 5.4

Miramichi event of January 11, 1982. The maximum ground velocity was 1.06
mm/s, leaving about 20% headroom in remaining dynamic range. The inset in the
upper left cf the figure shows the early part of the seismogram aligned in
time but magnified 200 times. Microseismic background is now apparent, as is
fine detail of the initial onset.

The performance of some of the radio links operating in the vicinity of
Ottawa has been disappointing. These performed well when first installed, but
as the number of other UHF links has increased in the region, so have the

number of dropouts in the data. Many different organizations now operate UHF
radios and compete for the choice repeater sites located on a height of land,
with good road access and mains power. An example is the jumble of antennas
at the Mont-St.-Marie repeater site (Figure 22). Another aspect with has

proved troublesome has been time delays on the telephone communications
network. This is now dealt with by performing end-to-end transit time
calibrations and the procedure has become a part of the overall station
calibration process. The measured delays are shown by station in Figure 23
and show good agreement with calculated delays shown on the same figure.

The issue of time delays has prevented the use of commerical
asynchronous line multiplexers since the time delays through the multiplexers
could not be guaranteed to be constant. An alternate solution would have been
to synchronize the remote stations as has been done recently in Japan. In
balancing the increased complexity and cost that would have been required to
implement such a system against the benefits, we have chosen the present
system which permits us to time events to within 0.1 second by allowing for
communication delays (Table 3). Taking into account the minimum station
separation and our knowledge of seismic velocities, this is considered to be
an acceptable accuracy.

The provision of software tools to enable the data to be viewed and used
has proved a time consuming task. Inevitably, there has been a steady stream
of software changes required to cater for additional and different stations.
Over the years, a determined effort has been made to separate parameters and
code, so that networks could be changed by changing tables and not having to
modify code. A significant effort is also required to accommodate changes and
upgrades to the proprietary mini-computer operating systems. Despite good
intentions to " freeze" the system, the new releases inevitably include some
feature which is essential. Our increasing use of proprietary
computer-to-computer communications products increases this problem since it
links processors of different vintages into an organization-wide network which
often requires operating systems to stay in lockstep.
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! f ,,iire 22. Antennas at Mont St.-Marie
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Ta' ole 3. Theoretical data transit times.

STATION OUTSTATION DELAYS TELEMETRY DELAY CONCENTRATOR DELAYS PDP-11 TOTAL
'

' ' PREAMP ' FIXED ' VARI ABLE' 'RADI0' TELEPHONE' l'IXED ' VARI ABLE ' SUPERMODEM' ' ' ' MIN ' MAI
^ ItDL SJN'

'

16.2 47.2 63.9OTT 30 1 0 to 16.7 -

EE0 30 1 0 to 16.7 4 16.2 51.2 67.9
GNT 30 1 0 to 16.7 5 16.2 52.2 68.9
MNT 30 1 0 to 16.7 4 16.2 51 .2 67.9
CK0 31 5.7 0 to 16.7 0.6 16.2 53.5 70.2

i
KAQ 31 5.7 0 to 16.7 12 16.2 64.9 81 .6

SBQ 31 5.7 0 to 16.7 8 16.2 60.9 77.6
VDQ 31 5.7 0 to 16.7 8 16.2 60.9 77.6 ,

h10 31 5.7 0 to 16.7 0.4 16.2 53.3 70.0 m

WE0 31 5.7 0 to 16.7 5 16.2 57.9 74.6 &

HTQ 31 5.7 0 to 16.7 9 16.7 0 to 16.7 16.2 61 . 9 78.6 i

GRQ 31 5.7 0 to 16.7 0.6 16.7 0 to 16.7 16.2 70.2 103.6
TRQ 31 5.7 0 to 16.7 0.6 16.7 0 to 16.7 16.2 70.2 103.6

! MNQ 30 1 0 to 16.7 12 16.7 0 to 16.7 16.2 75.9 109.3
EBN 31 5.7 0 to 16.7 15.5 34.0 0 to 16.7 96.5 16.2 198.9 232.3'

i GSQ 31 5.7 0 to 16.7 15.5 34.0 0 to 16.7 96.5 16.2 198.9 232.3
LPQ 31 5.7 0 to 16.7 15.5_ 34.0 0 to 16.7 96.5 16.2 198.9 232.3
GGN 31 5.7 0 to 16.7 19.5 34.0 0 to 16.7 96.5 74.6 16.2 277.5 31 0.9
KLN 31 5.7 0 to 16.7 19.5 34 .0 0 to 16.7 96.5 74.6 16.2 277.5 31 0. 9
LMN 31 5.7 0 to 16.7 19.5 34.0 0 to 16.7 96.5 74.6 16.2 277.5 31 0.9

Note: * - inter-supermodem telephone delays included (Saint John (SJN) to Riv.-du-Loup (RDL) is 7 msec;
Riv.-du-Loup to Ottawa is 9.5 msec).

- all table values are in milliseconds.

,
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2.14 Future Plans

| The differencas *oetween ECTN and the other Canadian seismograph networks I

become somewhat less distinct as the future is contemplated. Plans are now
being made to provide a full digital instrumentation for the Yellowknife4

Array, and to do the same for the array at Charlevoix. There are also plans;

i to update the Canadian Standard Seismograph Network with broadband digital
instrumentation. One of the major goals in our future plans is to standardize;

! data formats and archive facilities so that the tools will be available to
enable seismologists to access data from any of these networks.

! +
'

There are currently no specific plans to increase the number of stations
I in the ECIN network proper. However, there is increasing enthusiasm to

upgrade at least some of the outstations to provide three-component,
3

short-period data. Daring 1985, the event detector computers will be replaced'

I with modern high-performance machines occupying only one-quarter of the
{ physical space. The availability of cheap memory will allow the 5 minute ring

buffer to be implemented in memory as opposed to disc. The reduction in
' physical size coupled with improved technology should lead to higher
i reliability. Local area networks are being conside, red for efficiently passing i

i bulk data between processors, and a commercial database system will be
purchased to implement a more formal archive with appropriate access tools.

j

3. KASTERN CANADIAN EARTHQUAKES 1979-1984<

,

3.1 Earthquake Data Reporting

| In addition to an exchange of seismic data by telephone between EPB and
; northeastern U.S. seismograph network operators, which has been a regular

practice for many years, under the terms of the Canadian seismic Agreement EPB
; devised an ECTN Bulletin to make eastern Canadian seismic data available in
I advance of the preparation date of the Northeastern U.S. Seismic Network

Bulletin. The ECTN bulletin was initially produced on a bimonthly schedule,
3

1 but in January, 1983 was changed to quarterly to conform to the schedule of

| other Canadian national bulletins. The ECTN Bulletin is distributed to the

| USNRC and all northeastern U.S. network operators in a hardcopy format and, in

; addition, to the NEUSSN Bulletin compliers at Weston Observatory on magnetic
: tape. EPB also distributes to the same institutions other bulletins giving
! chronological lists of epicentres, magnitudes and other derived parameters of

| all earthquakes located in or near Canada.

|

( 3.2 Summary of Eastern Canadian Seismicity 1979-1984

l
Figure 24 is an epicentral plot of all earthquakes located in eastern

Canada and adjacent regions of the northeastern U.S. from 01 January 1979 to
31 December 1984. During this six-year period there were 6 earthquakes of
magnitude 5.0 and greater, 18 of magnitude 4.0 4.9 and 211 of magnitude 3.0
- 3.9. A summary of hypocentral parameters and epicentral intensity is given
in Table 4 for all earthquakes of magnitude 4.0 and greater.

-_. _ - _,_ _ , - _ , _ . , _ _ _ _ . , _ _ , _ _ _ _ _ _ ._ , __
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;

TABLE 4 ,

Eastern Canadian Earthquakes M k 4.0 1979-1984

Date Time (UT) Lat (*N) Long (*W) h (Km) M Io,

'

i

19 Aug 79 12:49:31 47.67 69.90 10 MLg 5.0 V

; 03 Apr 80 16:57:24 48.77 67.95 18(G) MLg 4.0 IV

13 Apr 80 22:40:23 49.64 81.64 18(G) MLg 4.1 IV

09 Jan 82 12:53:57 47.0 66.6 5(G) a 5.7 V,

b

| 09 Jan 82 16:36:45 47.0 66.6 5(G) a 5.1 IV i
b

11 Jan 82 21:41:03 47.0 66.6 5(G) m 5.4 V
b

13 Jan 82 17:56:43 47.0 66.6 5(G) MLg 4.0 III

I 31 Mar 82 21:02:70 47.0 66.6 5(G) m 5.0 IV

02 Apr 82 13:50:12 47.0 66.6 5(G) MLg 4.3 IV

i 11 Apr 82 18:00:53 47.0 66.6 5(G) MLg 4.1 IV

18 Apr 82 22:47:21 47.0 66.6 5(G) MLg 4.1 III

06 May 82 16:28:07 47.0 66.6 5(G) MLg 4.0 III
;

16 Jun 82 11:43:30 47.01 66.95 7 a 4*7 IV
b

13 Aug 82_ 01:06:42 46.67 78.53 18(G) MLS 4.3 IV

17 Jan 83 19:35:52 49.11 67.06 18(G) MLg 4.1 IV

j 14 Mar 83 20:41:40 44.83 56.99 18(G) M 4.0 -

11 Oct 83 04: 10:55 45.20 75.75 13 MLg 4.1 IV

02 Feb 84 11:15:34 44.66 56.38 18(G) M 4.2 -

06 Jul 84 17:24: 52 46.54 81.17 1(G) MLg 4.0 III;

,

E

.

i

|

1

,
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The most significant earthquake sequence occurred in the Miramichi
region of north-central New Brunswick and is summarized separately in the
following section. Most of the other earthquakes occurred in the recognized
Western Quebec, Charlevoix and Lower St. Lawrence seismic zones which have
experienced larger historical earthquakes and relatively high rates of recent
smaller earthquakes. In the summary that follows, emphasis is placed on
significant earthquakes that occurred outside these zones. References, which
provide additional information, can be found in the Bibliography in Section
5. The location of each eva.nt is indicated in Figure 24.

(1) 19 August. 1979. This magnitude 5.0 earthquake was the largest in
the Charlevoix zone since 1952. The local charlevoix seismograph array
permitted a hypocentre location at a depth of 10 km with an uncertainty of
about 2 km in each coordinate. The earthquake was followed by a sequence of
11 af tershocks, magnitudes 0.4 - 3.0 in the following eight days. Seismic
moment has been estimated as 1.5 x 1023 dyne-em, average dislocation 12 cm,

2fault area about 3.5 km , and stress drop about 50 bars. (Hasegawa and
Wetmiller, 1980).

(2) 11 March. 1980. This magnitude 3.7 earthquake near St-Basile,
Qu6bec, about 40 km west of Qu6bec City, is significant because it occurred in
a region of very poorly known historical seismicity and very minor previous
recent seismicity. It produced a small zone of intensity V near the epicentre
where minor and isolated damage was reported. (Weteiller et al., 1983).

(3) 13 Apell. 1980. This magnitude 4.1 earthquake in northeastern
Ontario, near Cochrane, was the largest in this region since 1928. It

occurred along the emetern side of the Kapuskasing Structural Zone. This
region has been seismically more active since 1968 than the area of the 1935,
magnitude 6.2 Timiskaming earthquake, indicating that the Kapuskasing
Structural Zone may be undergoing contemporary tectonic adjustments. (Forsyth
et al., 1983).

(4) 04 July, 1981. This magnitude 3.7 earthquake near Cornwall,
Ontario, occurred 30 km northeast of the epicentre of the 1944
Cornwall-Massena earthquake. It produced a small zone of intensity V near the
epicentre. A field survey located aftershocks with depths near 13 km.
(Drysdale et al., 1984).

(5) 13 August. 1982. This magnitude 4.3 carthquake near Timiskaming,
Qu6bec, was the largest in this area since the 1935 earthquake. It produced
maximum intensity IV near the epicentre (Drysdale et al., 1985).

(6) 14 March. 1983. 02 February, 1984. These magnitude 4.0 and 4.2
earthquakes are representative of the continuing activity near the Laurentian
Slope south of Newfoundland, in the epicentral region of the 1929 " Grand
Banks" earthquake. The most recent magnitude 5 earthquake in this zone
occurred in 1975.

(7) 11 October, 1983. This magnitude 4.1 earthquake 20 km south of
Ottawa, felt with maximum intensity IV, caused conniderable pubile interest
because it occurred four days after the magnitude 5.1, Goodnow, New York,
earthquake which was also felt with intensity IV in the Ottawa area.
Aftershock field surveys indicate a focal depth of 13 km. Mechanism analysis
(R. Wahlstrom, in preparation) indicates thrust faulting due to north-south
compression.
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!

(8) 11 February. 1984. This magnitude 3.9 earthquake, 25 km northwestt

; of Sioux 1.ookout Ontario, occurred in a region of no known previous
; seismicity. A thorough investigation of the possibility that this event may

be related to mining activity has led to the conclusion that it is a natural

! occurrence, and therefore the largest known earthquake in Ontario went of
longitude 85'W. (This event is off the map area of Figure 24.)

i (9) 06 July. 1984. This magnitude 4.0 event was a rockburst (induced
I earthquake?) in the creighton mine near Sudbury, Ontario. Mechanism analysis
| for this and other large rockbursts in Ontario mines in 1984 by Wolmiller and
! Cajka (in preparation) indicates that rockbursts are dominated by normal fault
i motion, opposite to the general thrust motion observed for earthquakes in the
! region. !

!
) 3.3 Miramicht. New Brunswick. Earthquake Sequence

i
j The Miramichi, New Brunswick, earthquake seguence that began on
i January 9, 1982 (No. 10 in Figure 24) and which had an aftershock sequence
! ,

that continues at the time of writing (March,1985), has been the subject of
i

numerous investigations by IPB and other Canadian and U.S. researchers. A (bibliography of EPB research reports is given in Section 5.5. A susssary of;

; this research (to early 1984) is given in the paper by Basham and Adams
|

| (1984); this paper is attached as an appendix to this report. In the
i following paragraphs we provide brief susssaries of additional work that has
j taken place during the past year.
| [

tSeismic activity in the aftershock zone of the January 9, 1982 M5.7 ;
Miramichi, New Brunswick earthquake was recorded by a joint EP8-USGS field -

j survey from July 5 to 23, 1983. One hundred and seven microcarthquakes, 4

M $ 1.9. and two calibration explosions were analyzed by means of precise
hypocentre locations, composite P-nodal mechanisms and wave form modelling. '

; The best fit F-velocity profile to the calibration shots was used for
i

j calculating hypocentral locations. It was a 0.5 km thick layer of 5.4 km/sec '

overlaying a half space of 6.0 km/sec. This model fits the explosion travel '
,

j times'at 27 sites from 0.5 to 39 km epicentral distance with an BMS error less
than 0.03 sec. This model was supported by the observation on the earthquake,

>

j seismograms of a near surface SV to P converted phase and by the lack of an
;obvious later converted or reflected phase froe,possible deeper velocity!

discontinuities down to 10 km depth. The earthquakes were initially located fusing this model and then re-located using a multiple master event technique
and/or a joint hypocentre technique; absolute location errors are less than '

2 km for 701. of the events studied.+

!

L

Eighteen months after the main shock, the persistent aftershock activity i

was divided into five distinct and separate clusters, four associated with the !

I original aftershock zone and one displaced 5 km northwest from it
,

| (Figure 25). The displaced aftershocks began abruptly only in May, 1983 and !

[ may be evidence.of esponding long term stress changes caused by the
earthquakes. Only three of the clusters were well enough covered by the field
network to determine composite P-nodal mechanisms. The mechanisms are all |
nearly pure thrust mechanisms, with north-trending nodal planes dipping from i
50* to 70'. '

!

i

r

|
|
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Figure 25. Miramichi carthquake activity recorded by the joint EPB - USCF
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scialler than M 0. Solid boxes show extent of the aftershock rones in 1982;
dashed lines show the 5 distinct clusters of activity found in 1983. )
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Inside the original aftershock zone, the long term activity appeared to
be a simple continuation of the activity associated with the January 11, 1982
M5.4 and the March 31, 1982 M5.0 principal aftershocks. Activity directly
associated with the main shock rupture plane was not immediately apparent, but
the distribution of activity on the east side of the aftershock zone where the
main shock occurred was not simply planar, possibly because the main shock and
the March 31 aftershock were not co-planar events. Outside the aftershock
zone, information for the one cluster where good data existed, suggested that
the cluster was occurring along a north-trending thrust zone, a zone that has
not been associated with any of the principal events of the sequence, and
possibly represents seismicity induced on pre-existing fractures by long term
stress changes following the principal events.

8Overburden has been removed for 3000 m around the 25 mm bedrock
thrust found after the Miramicht earthquakes. The thrust occurred on a joint,
not a distinctive fault plane, and proved less than 5 m long and probably less
than 1 m deep. Its origin as a stress-relief feature was confirmed by a
buckle that occurred overnight, two weeks after the cleanup ended. The new
buckle trends 010*, similar to the thrust joint, and indicated the release of
about 5 MPa of E-V stress. Overburden removal amounting to only 0.30 MPa
triggered the buckle. During the summer of 1984 many further buckles
occurred. Horizontal compressive stress of -2 to +16 MPa have been measured
by Ontario Hydro in two 30 m holes on the outcrop. The show a wide scatter in
stress magnitude and direction, suggesting that the near-surface is partly
decoupled from regional stresses. The regional trend is NE to ENE
compression, and is in reasonable agreement with the E-W compression shown by
the stress-reflief features and by P-nodal solutions for the earthquakes.

In August 1984, a 1300-m trench (2 km NE of the thrust joint) was dug
across the probable outcrop of the 1982 fault. Four places in the
partly-excavated trench show fresh bedrock cracks (Figure 26). The largest is
an open (tensional) crack 60 mm wide, 1.2 m deep, and striking 030*; other
open cracks strike 030* to 110*. The 030* cracks parallel one P-nodal fault
plane. The tensional cracks are thought to represent further evidence of
near-surface stress changes caused by the 1982 earthquakes. The earthquake
apparently caused compilcated near-surface stress adjustments involving both
compression and dilatation; as yet none of the cracks can be directly related
to surface faulting.

3.4 EPB Research on Eastern Canadian Earthquakes 19/9-1985

In order to provide for the USNRC and other readers of this report, a
fairly complete record of EPB research activities on eastern Canadian
earthquakes during the term of the Canadian Selsmic Agreement, the
bibliography in Section 5 contains a reference list of EPB research

publications for the time period 1979-1985. The bibliography is sub-divided
into the following six categories: seismicity summaries; seismic risk and
zoning; strong ground motion; Charlevoix seismic zone; Miramicht, New
Brunswick earthquakes; and focal parameters and seismotectonics.

. _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Figure 26. Detail of fresh open crack uncovered in the !
1300 m trench in Miramichi. This crack is typical of the :.

fresh tensional cracks uncovered in the granite bedrock at ;

this part of the trench. Long axis of compass points true ,

north and ruler is 300 mm long. Pencil lies parallel to a j
pre-existing joint. The tensional crack partly follows the
joint, but also deviates to break fresh rock. Because of 3

their freshness, and lack of compacted fill, this and other
similar cracks on the outcrop are attributed to the 1982 |
Miramichi earthquake sequence.
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4. EASTERN CANADIAN STRONC MOTION NETWORK

4.1 Canadian Stront Motion Networks

The EPB~has installed, and currently operates and maintains the strong
motion seismograph network in western Canada. The National Research Council
of Canada (NRCC) has installed and, until 31 March 1985, operated the strong
motion seismograph network in eastern Canada. In addition in eastern Canada,
there are strong motion instruments installed in hydroelectric dams and at a
nuclear power plant reactor building that are maintained by the owner agencies
with training and technical assistance from the NRCC.

Following the Miramichi, New Brunswick earthquakes of January, 1982, the
EPB acquired five strong motion seismographs and the USNRC loaned the EPB five
strong motion seismographs. A network of 8 instruments was deployed in the
Miramichi epicentral area. Under the terms of the new Canadian Seismic
Agreement, these USNRC seismographs have been transferred to EPB for
deployment as described below.

4.2 Eastern Canada Network ConflKuration
,

The Charlevoix seismic zone in the lower St. Lawrence valley is
considered, by Canadian and United States seismologists alike, to be the most
likely site of a large eastern earthquake within a short time frame. Thus,

; the EPB plans to utilize funds provided through the Canadian Seismic Agreement
to install additional strong motion seismographs in and near the Charlevoix

7
' seismic zone, and to operate and maintain these and the former NRCC stations

as a consolidated network.

The eastern Canada st.6?g motion network is shown in Figure 27 and the
station sites are described in Table 5. The instruments at sites 1 to 9 were
installed between 1966 and 1982, except for site 4 (Ottawa) which is now the
EPB seismograph vault instead of the NRCC laboratory. Sites 19a to 19d are<

the four instruments that remain in the epicentral region of the Miramichi,
New Brunswick, earthquakes.

During August and September, 1984, new installations were made at sites
10-18. Seven of these sites are above ground seismic vaults in bedrock (free
field), sited to avoid to the degree possible any cultural or industrial
activity. The other two are on bedrock beneath one- and two-stnry woodframe
buildings. Trigger levels of these SMA-1 instruments have been set at
(nominally) 0.01 g. The actual values are given in Table 5. Five of these
new sites have TCG-1B time code generators.

4.3 Plans for 1985

During 1985 it is planned to make installations at four sites. SMA-l's
with time code generators will replace the AR-240's at sites 8 and 9 (La
Malbale and St-Pascal, Qudbec). SMA-l's with time code generators will be
installed at the EPB Charlevoix Observatory (site 20) at Les Eboulements,

; Quebec, and at one additional site to be determined. Time code generators
will also be installed at all other sites in the network, except at Montreal
(site 3) and Ottawa (site 4) which are co-located with ECTN stations.

Three of these instruments are to be removed from the Miramichi, New
Brunswick, region, leaving one instrument at site 19. This plan is based on

',
the assumption that no additional significant aftershocks will occur in

Miramicht. Should one occur, the 1985 plan will be modified as necessary,
o

\
'

_ _ . _
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TABLE 5. Eastern Canada Strong Motion Seismograph Network (March. 1985)

No. LOCATION DATE COORD INSTR. SENS TRIGGER BUILDING FOUNDATION

1. St-Fsr4ol, Que. 1/66 47.12*N SMA-1 1g 0.0072 g Underground seismic vault, bedrock
70.83*W TCG-1B Instrument on concrete pier.

2. Qu6bec, Que. 6/67 46.78 SMA-1 1/2 g 0.0073 g Three-storey reinforced bedrock
71.28 concrete. Instrument on

concrete pier on basement
floor slab.

3. Montr4al, Que 12/73 45.50 SMA-1 1/2 g 0.0058 g Four-storey steel frame, bedrock
73.62 curtain wall, poured

concrete. Instrument in
seismic vault in basement.

O. Ottawa, Ont. 45.394 SMA-1 On pier in Ottawa bedrock
75.717 seismograph vault,

s

3. Tadoussac, Que. 5/79 48.15 SMA-1 1g 0.0075 g Concrete pier to bedrock in bedrock $
i 69.72 TCG-1B crawl space of one-storey ,
: building.

!
6. Riviare-du-Loup, 6/80 47.82 SMA-1 1g 0.01 g Two-storey reinforced bedrock

Que. 69.53 TCG-1B concrete. Instrument on
basement slab

7. Baie-St-Paul, Que. 10/82 47.45 SMA-1 0.5g 0.0079 g Two-storey brick building. alluvium
70.50 Instrument on basement slab. valley

8. La Malbaie, Que. 9/67 47.68 AR-240 1g 0.5 mm One-storey steel frame, bedrock
70.15 masonry walls. Instrument

on concrete pier on base- ,

ment floor slab.

9. St-Pascal, Que. 10/69 47.52 AR-240 1g 0.5 mm one-storey reinforced bedrock ,

| 69.80 concrete and masonry.
Instrument on concrete base-
ment floor slab.c.

10. Rivihre-Ouelle, 8/84 47.476 SMA-1 1g 0.0108 g Above ground seismic vault. bedrock
Que. 69.996 TCG-1B

- _ .
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TABLE 5. (continued)

No. LOCATION DATE COORD INSTR. SENS TRIGGER BUILDING FOUNDATION

'

11. St. Aubert, Que. 8/84 47.220 SMA-1 1g 0.0904 g Crawl space beneath one- bedrock
70.153 TCG-1B storey wood frame house

12. Edmundston, N.B. 8/84 47.462 SMA-1 1g 0.0103 g Above ground seismic vault bedrock
68.241 TCG-1B

13. St.-fleuth&re, Que 8/84 47.495 SMA-1 - 1g 0.01 g Above ground seismic vault bedrock
69.363

,

14. Ste.-Lucle-de- 8/84 46.741 SNA-l '. % 1g 0.0100 g Abohe ground seismic vault bedrock
Beauregarde Que. 70.017 TCG-1B

15. St.-Georges, Que. 8/84 46.140 SMA-1 1g 0.0132 g Above ground seismic vault bedrock
70.580 TCG-1B

16. Chicoutimi-Nord, 9/84 48.490 SNA-1 1g 0.0108 g Outcrop in basement of bedrock ,

Que. 71.012 two-storey wood frame house.
3
co

17. St.-Andr4-du-Lac- 9/84 48.325 SMA-1 1g 0.0105 g Above ground seismic vault bedrock i

St.-Jean, Que. 71.997
,

18. Rimouski, Que. 8/84 48.445 SKA-1 1g 0.0101 g Above ground seismic varit bedrock
68.482

.

19s Miramichi, N.B. 2/82 46.993 SNA-1 1g 0.0063 g Above ground seismic vault bedrock
66.597 TCG-1B

19b Miramichi, N.B. 2/82 47.034 SNA-1 1g 0.0054 g Above ground seismic vault bedrock
66.612 TCG-1B l

19e Miramichi, N.B. 2/82 47.006 SNA-1 1g 0.0050 g Above ground seismic vault bedrock
66.547 TCG-1B

19d Miramichi, N.B. 2/82 46.946 SMA-1 1g 0.0065 g Above ground seismic vault bedrock
66.595 TCG-1B

20 Les Eboulements, (1985) SNA-1 EPB Charlevoix Observatory,

Que. TCG-1B underground vault

_..-
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i

can earthquane This article will describe been estimated frum an analysis of re-

.d$lin555NL the sequeoce of earthquakes, summarile ported effects and are un(ertain by at least
][j[jN% ] the results of investigations achieved to 50 km (the radius of the circles in Fig 1)

eW '!"II!iiii U ' ' ' ' ' " ' ' ' ' ' " " " ' ' ' ' ' '*"'" "# '' ""*""""** ' * " " ' ' ' * * ' ' ' ' ' ' ' ' * '
" 155jjQ other Canadian and U S workers. and and 1904. and 4 5 tot 1855.1922 and 1937

8 - speculate on possible geological interpreta- have been inferre d from estimates of the
lions nf the artmly total felt area ( A F Stevens. unpublishist

report.19/N Tr.e ni seutude of the 19.1/
,

Earthquake History of New Brunswick event is supported by avadable instrumen_S .m

SE' pi The decade of seismiory in the New tal data and the approntmate location is

Brunswo region (19701981) pror to Jan- a recent revison (A E Stevens. personal
udry 1982 is shown as an epicentre map Communication.1983) of the location nearThe M.tramich.i, ,n y,go,e ,. sopenmpos,d on ,ne ,,9 ona, Saini Jonn pubusned ey Smitn i1966,

.

New Brunswick 9eoio9y cadapted i,om Waams. im Tnus tne 1982 Mdamiche mainshock map
"""* ' '"""^""a"'"" e " ce*"" a "*"e ' ' '' '"e '* '9"' e^'"a" * e '"Earthauakes: Near- magnitude of 4 No obwous correlations New Brunswick in histonca! timesa

Surface Thrust can be seen netween tne epicenirai pai. However. aii o, mosi of ine p,0v,nce has

Faulting in the Northern ' ems a"d the mapped 9eo'o9v and 'au'ts been shaken by maav otne' 'a'9e easte'a
indeed, the pattem of epicentres in the North Amencan earthquates, notably theAppalachians weste,n ,wo ,n,,es o, new o,onsw,cx and Cna,,evo,, ,a,tnqua,es ,n ,se3. ,eso.
eastern Ma.ne appears to be random 1870.1925 and 1939. the Cape Ann Mas-
The cluster of activity in the top left corner sachusetts earthquate in 1755 and the

Peter W Basham and John Adams of the map is associated with the actrve Grand Banks earthquase in 1929 The last
Earfh Physics Branch Chartevoin zotte in the St. Lawrence Vatey earthquane in eastern Canada with a mag-
Department of Energy. Enes and (Angten.19841 Onty the earthouakes in nrtude sirNar to the Miramichi mainshock
Fesources this zone w.th epicentres on the south was the Comwa!! Massena earthquake
Ottawa. Ontaro M f A OY3 shore are shown A sma!! concentration of of 1944 This event caused damage

epicentres near the southern New Bruns ~ amounting to about $1.000.000 (1944
Introduction wich-Maine border may be associated with dollars) sn each of the two cities on either
On January 9.1%2. in the unpopulated the Oak Bay F au:t mast cf al .1979) or side of the St Lawrence Ryer but was feit
Miramichi Highlands of north certral New with the local downwarp in the regional only mildly in New Brunswic (see a'so
Brunswo. the targest earthquaae in e.ast postglacia! uph'1 that has been identAed in Stevers.19 77)
ern Canada in thirty-eight years occurred the region of Passamaquody Bay (Barosh
The recordings of this earthquake and 1981) The Miramich6 Earthquake Sequence
sts subsequent la ge a'tershocks by modern The largest earthquakes known in New The mainshock of magnitude 5 7 occurred
global seismographs and accorrpanying Bruns *o pnor to 1982 occurred in 18W at 08 53 AST on January 9 near 47 ON
field investigations have provided the most 1869 1904.1922 and 1937 (Fig 1) Isolated 66 6W 1t was fono*ed three and a hait
extensive data set ever captured for a minor damage was reported for each of hours later by an a'tershock of magnitude
potentially damaging eastern North Ameri- these ea'thquakes The epicentres have 51. and two and a ha:t days later (January

II.17 41 AST) by an aftershock (or second
kg mainshock) of magnitude 5 4:- u.-- s, i i_ . ,

'

' es [' The intensity distnbution of the maing- ,

Q[g ' / A - 4, ' ' f shock is shown in Figure 2 The inner iso-,
/j e % QUIBfC-

se,smal Contour det nes the general entent
*1 '

% ( ~ ' * MTA ( of Modified Merca:h V intensities the outer.. .

,_/ M *[Q_,
,

\ j that of intensities 111 and IV Intensity V is.
* ,% ,7 g defined as fett in&xits by practically aft.

# Ng* ' N outdoors by many many awakened small.cr .. . ' .
.

,' ? ,> / '[T ''''

. or unstable otaects overturned or moved

f. ] " .* ',f,/ p[- fp ! hanging obiects, doors swing considera-/k t MAtNg
d O / bly ' Intens ty 111 is detned as fe|t indoorsg g ,

/ - * * / by several motion usuaDy rapid vibration; v.m

e 4. .***** .." mC ['k
, q

D( g duration estimater1in some cases vibration
| C ' * Gutr or Nj .,. hke that due to passing fight truck hanging,

| ,

, **. Qd, sr LAwAf#CK*
, a ob;ects may swing s:rghtly. movements

'c 5' #$' wieg stralim may be apprecable on upper levels of tan
" O ' ,,, E'b a structures" (Wood and Neumann 1931)

#g[L
. *r g u 1855 e

*

1
8 '

am.tum in the fumished but unoccup ed. cabins
[ ( ") * * .. ma and cottages in the epicentral tone no

,% C- 9 * ~ ' #=* O s ,. a 9. evidence of displaced objects was found*'

'

'

} % gi cairocaq 9 ( gy .. afthough there was one unverif:ed report
. .z8 ,, -H+ Ann D a that a stovepspe lampshade and d!shesyy.y4 1869 ,.-

pusor 4 ,,,,, _ , q , g,T= bad fanen to the floor This apparentty,

'" w # * * - modest tevel of strong shasing in the im*

Figure 1 Sersm,cety of New Brunswo and f arm P%w s fir.em h U.itor rausrs and gr.ernt,c med' ate rpicentraf area might have ut
a% scent areas pnar to the 1982 en mquake ac- entruw>ns adspred from Wikams (1976) hqare Curred if the vertiCa\ Component of ground
fivery Ser5mograph starions operared by are adapfed hom bWrruher er ai (f9% motion was dominant and the hor:2Ontal
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forces were snsuf'cient to toppie smati ob- border The largest recent aftershock was shocks cannot ce accurawy placed within
rects. There was no structural damage magnitude 41 in May 1983 Events larger the active zone
ar+ywhere, a:though earthouakeanduced than magnitude 2 0 are stdl occumng The rare opportunity to record strong
hairkne cracks were confirmed in a few weekty at the time of anting (March 1984). seismic ground motion of eng neennq sy-
buildings in Chatham, Newcastle, Bathurst rnore than two years a'ter the main shock naficance from a large d'tershock led lu
and PerttdAndover up to about 100 km a toint p oject with the U S Nuclear Regu-
trom the epicentre (Pernica and Mauren- Aftershock Field Studies latory Commission under which seven
brecher,1982). On the a*ternoon of January 9 an Earth strong motion seismographs were installed

The outer contour in Figure 2 is the outer Physics Branch field party with portable in the epgentral region by February 6
hmit of the area over which the earthquake seismographs flew to New Brunswick. By These instruments were inggered by the

was generally perceptible at ground level the attemoon of January 10 three instru- March 3t, magnitude 5 0 aftershuth and a
(Intensity lii). This area is neft oefoed ments were in operaton along Rghway 108 number ut smarer events including tt e

by the questionnaire surveys conducted by about 25 km south of the epicentre. as May 1983. magnitude 4 t aMershock An
the Earth Physics Branch in Canada and close as the team could get in the severe anaiysis of the 1982 strong mot;on data has
the U S Geologeal Survey in the U S wcter conditons Arrangements were been presented by Weichert of at (1982).

(Stevens and Cai a.1984) The earthquake made with the New Brunswick Department and these data are receiving considerablek

caused perceptib.e swaying in highnse of Highways to plough open logging roads attenton from the earthquase engmeenng

buddings in Ottawa (750 6m) and New York into the epicentrat area that are normally community tiecause of the.r implu anons

City (950 km). but it was not felt at ground passahie only in summer with much addi for the effects of future sedar e irthquakes

level at these distances tional assistance from the New Brunswick on cntical faalities in eawn North Ameru a
The magnitude 51 aNershock on Janu- Forest Se'vice and Emergency Measures The March 31 aftershoo was of sufft-

ary 9 was foi over most of New Brunswick Organization, a totat of 24 analogue and ciert size to warrant another fiekt depoy-
with intensit'es of fit to IV. The poncipa! d.gital seismographs were eventualy put trent and the Branch operated four

a*tershock of magnitude 5 4 on January 11 into ope anon in the epicentrat region The seismographs in the epicentral region Apol
was felt in al of New Brunswick, in parts Branch was assisted irt this field program 2 7. These data (as discussed be'ow)
of Nova Scotia, Pnnce Edward Island. the by teams and equipment from the Atlantic played a sgnScant part in the overa9 un.
Gaspe and eastem Maine. with scattered Geoscience Centre, the U S Geologcal de' standing of the earthquake sequence
reports from eisewhere in New England Survey three U S universities. two U S On June 16 an ea thquake of magndudu

The maximum entensdies fcr tNs event consulting companies and the U S Nuclear 4 7 occurred 30 km west cf the Janumy

rmght have reached V in some commune Regulatory Commission Atthough there and March events Because of the new lo-
cat on, a third he d survey was anio, tod inaties. but it is unhkely that intensity V was were many instrumertat ma! functions due

expenenced over a sgnAcart area be- to the low temperatures suffiaent a*ter- the epicentral region of this event June
cause most communities reported lower shock data were coHected by Janury 22 17-23 A|though the focal depth and mech-
intersities than on Janua y 9 that most of the f, eld inst uments were anism of the June 16 event were similar

The numbers of aftershocks per hour removed to those of the M.ramichi sequence

dunng January as detected at the nearest On January 28 a new outstation as part (Wetmmer et a!,1984). there is no evi-

permanent seismograph at Edmundston of the Eastem Canadian Telemete ed dence to caasavy connect them The June
(EBN in Fig 1) are shown in Figu'e 3 Networti. was put into operation at 16 earthquane is, therefore. assumed to

Some additional a'tershocks from mid Jan- Vt McKendndt (KLN in Fg 1) about 25 be an independent event and is not dio
uary to late-March were reported feit. km southeast of the epicentral reg on, cussed furtNr here
then, on March 31 a magmtude 5 0 a'ter- as c:ose as the kne of.ssht radio lina wou!d
shock was fe't over most of New Bruns- a: tow This station has sir 3e provsded a Searchmg for the Fault Break
wick, the westem hatt of Pnnce Edward continuous monitor for the lower magnitude The Miramichi epg.entral zone Les on the

Isfand and along the New Brunswick-Maine afte shock actmty. a.though these after- axis of the M.ramichi Antichnonum that
forms the centra! Nghlands o New B uns-r

wick and that consists of a senes r;i la ge
,

-~

r
' ' grarute plutuos of Devorun age intrudn}

% * Y -Y M S.7 | Ordoviaan and older metasediments an fS
I " U

09 IAN 1982 | granites Fau* ting is known to a m t somen*

( F:
' of the rock units of the antichnorium, the

h C "" /^ Catamaran Fast in Figure 1 being a proms

s h, e,\ wmmo *g / "s "
. inent exampte it is a rght lateral strike-

'

- w s- t

Qs ' N ' ' N \ t shp fau:t that ottsets the Cany CarbonNr
,

Tj j ous grande p!utan south of the epa entral
g area (F yt'e.1982a) However. no eviderw e#

i

for fau tinq younger than Paworoic t ,ng. , i lll -IV l

"" ' yet twen fuund or the Catamaran I auf t. or
l

- <( tot others hke it. and il was not a causative
y A WRT".DN *4 4~ s kMr in the 1982 mrthquais esy

# HHV
%h scsrs

, '_4 Yr / tng Tne ca tnqu,es nuu,rrd wan,n a mas.'
i

'r* " sive t >evonian grande phnon remarkauy

- % j . , ,;,' f r ee i nf aily %Iart M s' evie le i n e i st j ne yse es i ,
) I&&'s (w,

n v Mauna deturmahon P.ee FN 4) A sutmequent

4 _ . _ _ . - ,- -- gravitf survey (Burke and Chamtra IWi h
has sta,wn that the pre llevonon d Orrned

F6gure 2 Isose<smat contours of Jmusy 9 greemy V .nf m Map &d Nim he .ui.t granite' uid metmedanenh opre#ni
m+r9 hot.1 $h0Mry serpor M Mr@6pd MmrNr. C,iMfM4r ogily a thiri (UVI'r (() t km) tai lhe snaisi
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granite pluton and that the granite pluton is the bedrock dispiacement at shallow depths bution of a'ter-shocks suggests a north
probab!y 8 km thck Hence, most of the occurred as a number of individual dis- trending coniugate V pattem
aftershocks probably occurred enbreiy placements on paraHel splay faults that P wave first moton and surface wave

| within the granite pluton The gravity data cumuia'ed io the total slip analyses of the magnitude 5 7 mainshock
I suggest that the dior. tic bodies within the in the southeast corner of the a'terstw k using data from Canaf an seismograph

pluton are more entensive than as mapped tone giacia:!y smoothed bedrot h was dis stations suggest thrust f aulnnq on a north
I on Fgure 4. but that they are peututMy covered to tv displaced by very ret ent stoking plane doping about 50 tto either
j then 10 5 - t km) tabular bodies smamsca e thrusting on a pre existing pr,t the east or westi. the causative stress

At the request of the Earth Physics (Fig 5) The point betongs to a minor or- being east west corroression (Wetminer ef'

Branch. the Canada Centre for Remote thogonal set that trends 000 and 090 and at.1984)
I Sensing scheduled a finght over the epicen- that may hai,e been produced by a mn<e if the aftershock s on F>gure 6 are divided I

| trat area on January 13. However. aircraft recent (post-Tnassic) stress f,eid than the irto tou groups sha :o* and deep nest !r

J problems and bad weather delayed the one responsible for the maiority of the and east. the compos.te P-noda! solutions
[

j thght until January 19. by which time 0 5 m pnting (Lajtai and Stringer.1981) The li e . solut' ors using tne combined results i
'

| of fresh snow had fa|:en, e"ectively mask- thrust point cou'd be traced 3 m across the from a group of a ershocksi for each q'oupa

ing any subtie earthquane effects that outcrop and involved 25 mm of tnrust suggest steeper dips at sna;iower depingi

might have been visible irarlier A care'ut displacement, west side up, along a pnt The western g*oups cf January everts
|

{ search of stereoscopic air photos of the trending N5E that dipped at 40 to the show d;os of about 47 at depth and 63'
'

t

epicentral region revealed no earthquake- west Additional f. eld work in the area of the near the surface. the eastem groups of
related features A kneament map which thrust pnt is dcscribed below Apnl events show dips of about 42 at
shows a dominant trend of knears in a depth and 78 near the surface Thus, the
WNW directon was prepared from the Aftershock Distribution and Speculative d p of the mainshock piane seems to be !I photos (Adams.1982) Many of these kne- Fault Planes representative of the rupture at depth The

|
ars are now thought to be concea ed shear The ep+ central distribution of the January a'tershock ana'ysis further suggests that |
zones hke tre two WNW trending shears and Apnl act:vity IFig 4) is defined by both east- and west 6pping rupture planes

q mapped by Fyfte (1982b) and shuan in those afte' shocks judged sufficient!y we!t steepen toward the surface From an anah
'

Figure 4
. located Cons,denng the uncertainties in ysis of broadband displacerrent and veloc-

in May 1982. after the snow had metted, the crustat vetocity model and the distobu- sty records of P waves at teleseismic
a geological fre!d survey was conducted tion of temporary seismograph stations distances Choy er al (13831 suggested
in the epicentral area Although the large the absolute uncertainties in the epicentral that the era.nshock ruptu*ed up dip on a {size. shanon depth and thrust mechanism locations are not bkely to be smaHer than west d poin9 plane I

of the ma'nshoch suggested that a pnmary * t km Uncertainties in eshmates of focal Figure 3 shows that the magnetude 5 4
surface rupture meght have occurred. no depth are not I:keiy to be smaker than evert on Janua'y t t had the most intense4

| significant fau!t break was round Assuming 2 km The Jan ary activity was dMuse a'tershock sequence therefose most ofu
I a rupture area of 20-25 km'. as irocated but confined pnncipa9y to a volume the January a'tershocks in Figure 6a are
f by the a'tershock distnbution. the average 6 km on a sg.fe. with the deepest events at assoc ated with this earthquake. and their
| shp on the fault was 2535 cm tWetrnHer about 7 km in cross section the least lucanons suggest that the earthouaae f

| ef al.1980 Vertical thrust displacement as scatter is produced when the hypocentres ruptured the east-dipping p'ane At the
sma,1 as 100 mm across any of the dirt ce projected orto an east west p!ane present tre there is no other independent
roads in the area would not have been (Fig 6a) Most of the January actvty was evidence to specAca ly associare the mag-
missed but off the roads much fa'ger dis- concertrated in the southwest portion of nitude 5 4 with thss plane
placements cou'd have gone undetected the active volume The April ep<entres are The fonowing hypotheses has emerged
Although a 100 rnm or targer displacement concentrated in the northeast portion of IFig 6b) The Jan ary 9 mainsho(k oc-u
Would cerlJanly hJWe Deen seen had it the January activity and the depths are curred as a thrust with moture up dip on a '

occurred in one place, at is possitye that generaJy sha:iower in Figure 6a the disto- west dipparg piane The enact location

*
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| of the magnitude 51 aftershock three and El Asnam thrust earthquake are. clearty tional compressional stress to the hanging- )
a ha'f hours later is not known mdepend- mainly m the footwall, with relatrvefy little wall block. which will thus become the i

'

entty, but on sparse evidence given by activity on the fauft plane (Figs 7-9 m locus of most of the aftershocks These will
Choy et at (1983) it has been assigned to Ouyed et at ,1983) However, en the north- still occur en a compressional environment, 1

'

the lower northem portion of this same eastem part the aftershocks appear to and so will have thrust mechanisms similar
piane Then, on January 11 the magrutude he mainty e the hangmg wall (Fig 10, to those of the main shock A concentra-
5 4 event ruptured (probably up dip) a Ouved et al,1983), behaviour thought tion of aftershocks above the main rupture

conjugate eastepping plane and was fol- anomalous by Ouyed et al Jackson et al plane could also result from slip mcreasing
lowed by an etense sequence of smatter (1982) note that a'tershocks on shallow towards the surface on a planar fault,
a'tershocks. Finalty, the March 31, magne- dip-slip faults often concentrate m the although fault shp that increased towards
tude 5 0 a'tershock occurred as a repeat hanging-wall block and attnbute this to the surface would make the absence of a
rupture m the upper northem portion of the intemal deformation resulting from either surface rupture even more puzzhng For

west-dipping plane. In this description curvature of the fault plane or from non- this reason, and because the Miramichi

each of the two pnncipal ruptures is as- uniform slip on it One possible example is composite fautt plane solutions show the

sumed to be on a single p!ane, with the the induced seismcity at Nurek reservoir, steepening of the fautt planes directly,
additional evidence, desenbed above, that U S S R. (Leith et al,1981), which is we consider that uneven fault shppage pro-

these planes steepen toward the surface almost entirety confmed to the hanging wall vides a poor explanation for the Miramiche

Another posssbihty is that the shallower bk)ck abovo a major thrust plane that obwrvatnuis
aftershocks are associated with sleeply steepens towards the surfaCU

dipping splay fautts coming off a rnore We suggest that the number, location East West Horizontal Stress
sha40*fy d:ppmg pnncipal fauft at depth and nature of aftershocks near a shallow in September,1983, as a cooperahve
Three specu!ative attematives are illus- thrust fault is probat9y controlled by the protect among the Atomc Energy Control
trated for the westepping plane m the geometry of the thrust plane. A thrust plane Board, the Geological Survey of Canada

lower portion of Figure 6 These attema- that becomes less steep as it approaches and the New Brunswick Department of

tives illustrate the uncertacty as to where the surface will apply less compressive Natural Resources, the bedrock m the re-

| the pnncipal rupture planes may lie relative stress to the hanging-watt block, so fewer gion of the thrust pnt (Fig 5) was cleaned
to the aftershocks in (c) et is assumed aftershocks wilt occur there relative to off over an area 100 by 30 m (Fyffe,1983)
that the up-thrown wedge has become un- the footwall which is still stressed Very The observed thrust displacement of 25 mm

stressed and the aftershocks are occumng sha: low aftershocks that occur above a was found to die out to zero, I r- to the

beneath the main rupture planes; m (d) gently dipping thrust might exhibit second- north of the ongenal outcrop To the south
the aftershocks (with their recognized loca- ary. normal local mechanisms At of the orgnal outcrop the t)edrock surface
lion uncertaint!es) are clustenng about El Asnam normal faulting occurred on the drops 150 mm across an east-west vertical
the main ructure planes, in (e) most of the ground surface of the hanging-wall block, pnt, and on the lower block the thrusting
aftershocks are in the up-thrown wedge a'though this localized entension m a com- decreases to 5 mm sod then dies out
Which of these possibilities, or some other, pressional environment could be due to completery it is clear from field observa-
is correct cannot be determir'ed from avaib ur even fault shppage (more fault shp at tions that the thrustang does not continue to

able informat:on. depth. King and Brewer,1983) or termina- any significant depth and probably dies
Esamination of the kterature gives few tion of the rupture at a hnd, rather than out along sub-honzontal sheeting fractures.

exampfes of the accurate location of thrust to a change in dip of the thrust fault. Although the onentation and nature of the
fault plar es relative to their a'tershocks in contrast, a fault plane that steepens thrusting are ve y similar to the deduced
A'tershocks associated with the southwest- near the surface - as we believe do the focal mechanisms. we eterpret the thrust
ern half of the rupture zone of the 1980 Miramichi fautt planes - will apply addi- pnt to represent the rehef of surticial

stresses that were released by the earth-
'

N \ %W ouake shaking. rather thari a primary@ OLOGY JAN ACTIVE, y ,

l. o u = 40 ruptureDEVCNI Afiturdeberrel) ZONE O 'g
f in addition to the thrust point, a small

CG arute o%.I M stress-rehef buckle occurred m the bedrock*= * y , po

[ Dwr te * *C' , , \g
- - overnight between two examinations of., ,

'

8 O',*E*l*,[,i, M. (,R*
Appttt 7 the outcrop (Fig 7) A stab of dionte aboutFRE DEVOf t AMMmr.L 4

a a

Q ACTIVE k 3 m long.1 m wide and 50-100 mm thick
.

. ..

ha .M
'U '' $| |

buckled up 55 mm from the underlyingZONE
~~ Shear Zern ,'(J .g ('an = =

g bedruck along a sub honzontal fracture- ( s
#,

> -e > [| N ",
*

The separahon has since mcreased to** s

[NMM; -v ,8,ag g '(:- Dg *s 80 mm The slab was m contact with theL *

, intact bedrock at either end. but in the/ o r --

m.%'*w0"%",g ". h centre had cracked along a general trendt *
r . s,N of 010. e e . more of less parallel to the

, "$"* ' F n ,- a, .>

( ' b .* . O O'3 0 / thrust pnt and tu the str:ke of the lauttb' [*
O '

** ISr4 ., T(, planes determined from the composite* '

,o %% '| focal mechanisms. A further incipient*s ,

\ ,f[ , h" * *^ buckle - a dionte slab separated vertically

(fe '' - { [ ' ,".
M .

,

' ||3:'Q ! , i ,.': ,fi|| ||
from the underlying rock by a few mm on a. ,%Lij ; j ,' .,

1- sub honzontal fr,acture - was also seen,,

( "'J.'''* ' tuaduon tanc e - i As less than 1 m of overburden had been
removed the confining pressure that preve-

Figure 4 (p centres of January and Apnt s'er- eruceorrat region, from rytte (r982bl Aeer ously prevented the buckle was not great,
shocAs superrrvosed on the georogy of the Wermwer et al if9841 suggesting that the rock was already Close

,



_ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ - _ ._m

- 57 -

Geoscience Canada Volume 11. Number 3 11g

to fadure. The size of the buckle provides "
.*, ,a crude estimate (by caicuiating ine proba- GWAW WOOTE - w a=>b6e strain change and estimating a Wung a GMNE -

- i*"r'

modulus) of 5 MPa for the honzontal sur. g
,

e *' '

face stress reiMrved_ r .; j 3yN # .
The stress-relief phe6.w.a on the-

{f.g .- ,

Q ~ #- - -,

cleaned off outcrop (buckle and thrust jo nt) ,

odicate both hsgh hon 2ontal stresses and i4 MB .h ' M 'SSure,
east-west compression. Further, the eight Ds #*M ** - 8i

j composas focai mecnanisms fo' 'h* BEDROCK BREAK J ' *) .' n'p- /uiramicni a tershocks and ine independent +-
* -

, ggg gge -
,

Trousers Lake earthquake att have nearly g g, g -honzontal east-west directed P-ames q,,. ..

(Wetmiller et al.1984) and hence are ,,i
, g , h*

, g s, , , ,consistent with E W compression. Some oil
well breakout data from the Gaspe and - ! . h.' , -

.,
* - .h , ,

' h . ,,- *

E c' f 'E f
the Mantime Provinces (Cox,1983) indicate . g
regional E W to NE-SW compression, '

Tg:, r .
!

*

C"e
r

'a though some other rneasurements close
, . .q - ;,

to the Miramictw - en southem New Bruns- ,
." ..,. y,-.-

t ..
wich and Ponce Edward Ista.nd - have
vaned stress duections within the same '

<. . y . .c
,

. - *r

well Direct rneasurements of stress tave * '

*f', ,
j been made by Golder Associates for ,, ,

' y,* .

..

Brunswick Mineg and Sme! ting m their
.

-

e,, .g ~
Bathurst M ne. 75 km north of the Meamichi "7e ' '' ' - - ' * '

j , * . . , , , ' ',' ' ; |

. . ..
tepicentral area (C Pagel, personal com-

.
. .-

munication.1983) At t km depth the ESE. ''

WNW honzontal stress is about 55 MPa,
' 4.c -

'

!
' '(***a ~.

the NNE-SSW stress as 33 MPa. and the
( vertical is 23 MPa Figure S The observed ground brean w,th an west sectum or aMershock hypocentres m shown
d The general consistency of regional east *est cross section showing the reiar4e e r,gure 64 Ator Werm.tler et al (r984)

esplacment The n ration of the break e an eaststress onentatens and their specific agree. o

ment with the local stresses conf rm that
New Bruns *ick is subject to honzontal

component an an E-W direction The chat-
~~| Ecompress on wan tne mammum nonzontai W .

'''#'"*

- \
. . i

*[*]. ' Is 4 [ 'b EA,57
*songe in the next few years will be to * og. ,

* *determine the present state of stress in the de *. ,pa. ES'
j

,
epicentral area, to discover how the earth- 'e *7 4, *e g*. * . ,'

|g
b /D -- |

* * * * *' **quakes modAed the initial stress f,e'd ** .* *g*
. .** * '

and to understand why the stresses were {. . .e , ,

f
,

concentrated and released within the plu- ! *
* g*. .. I,

| ton. # #'
U . ..** |'

e . i *
|

# * **

];
Implications for Seismic Filsk Estimation s

($ (DThe Ea th Physics Branch has recently e

I prepared new seismic toning maps for the _ 2km*

1985 ecition of the National Building Codei

I i(Basharn of al-,1982) This work was
(essentially complete pnor to the Miramichi

earthquakes The method used in denying W. -- - # E W E W E*g. *g.* ,.-[?,* |these maps requires a rnodel of earth- '.?,' |*

f**?.*.

.g ,4 3
';

,|I,a ,4

, , , j g
.g ,J * .' :

Quake source zones for all seismically ac- * *,. ,. ,' ;
|7' , ,.,,

tive regions of the country New Brunswick ,*.t *./ ** ,
., , .,, , , , . . , ., ,L. f

.

is part of a Norther i Appalachians source 'g ' [ ** *. . ..' ' ' 1tone in which a random distobution of . j,
8-F ,.,,.4 8,7 ~, 4

i

g ]t , , k*, , ' -
, , , ,,

future earthquakes is assumed throughout
, , , ,

e ., . 's
the southern three quarters of the province ,' t 5

,

(g ,' (D * 55 *

(Eand the northem New England states .
. ;--

The assumption of random occurrence _2 hm . ~ ' ~ ' ~

throughout an artxtranty def ned zone was
requved because it was not possible to Figure 6 (a)(ast west cross sect,on cf Januat sets of specularwe ruorure planes supenmposed )

(sohd corclesl and Aptd (npen circlesl aMershno on aMershoch d,stnburmn trnm ta) The rotat,ve 16dentify regional geological features that
typocentres ib) Posserve Wramochi rupture krarron of the Dedroce crao (Og $)is shown '

controlled the distnbution of seismicuty (as planes Vee os from the south loan,ng north, and tw the arrow t*nonrat and verrocal scates \noted above with respect to Fig 1} number on each plane udentar,es the magrurude are equal
Ti.e nsk calculations also require esti- of the earrhovakes (c.de) Three attemarrve t

i

__ _ _ .-. _ _ _ _ . .-- -
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ma*es of earthquake rates as a function of These treasurements were designed to surface outcrop of the west d.pping rupture
magnitude (determined from histoncal and look fer a conductivity signature of one or plane The search for a surface rupture -
recent seismicity), and an upper bound more postu;ated shallow rupture planes which if found wol be the f:rst to be anoci-
magnitude For the Northem Appalachians Both sets of data a'e now being analyzed ated with a h4stor. cal carthquake in north-

source 2000. the upper bound magnitude and any pottWe resutts will also a<d in eastern North Ameva - is important

was set as 6 0, an arbitrary value selected determancq the nature and location of the compansons was be made with our s.wsmic

as being somewhat larger than the then rupture p: anes estimates of rupture d4sptnernents at

known targest histoncal event Lack of A NW SE trending e'ectromagnetic depth, and it *dt enabie us to test mod 's
neotectonic constraints te g , dimensions of anomary *as located near Indian L ake. in that seek to espiain the lack of such ground

potentiapy active faults) prevented determi- the SE comer of the epicentrat zone, t v breakage during p'evious earthquakes in
nation of the reievant va!ue The Miramichi the New Bruns *ick Department of Natu al eastern North Ar"encar

trainshock came close to, but did not Resources (J Chandra. personal commu- looking stdl further irto the future, we
esceed, this upper bound nication,1984) Two trenches were cut hope tnat it will be possib!e to fund a high

A recalculation of the seismic ground across the anoma'y and revea'ed an ap- resoluton sersm.c retecton survey to
motion with the M.ramichi earthquakes parent gouge, or mylorute zone, separating attempt to map in detait the fault planes at

J
added to the Northern Appa:achian model unweathered and strongty weathered gran- depth and to determire the degree to

i

ites of di erent hthology, the hthoiogy di er- which the f aulting has a'ta-ed the intrqnty' fi ahas shown that the ioning maps would
not change signi cantly The computed ence probabiy being su'f.oent to account ut the rock maw if such m.gnaoq is sucf

g*ound moton would increase by about 5 for the weathenng d.tterence Ibere was no cessful, it may be puss tse 10 see the [
percent el es va'ue, which is well within the firm evidence for young desplacement on fau*ts directly and improve our understand- I

|
uncertainty in the onginal calculations the gouge zone. a'though gouge matena! ing of the events and processes dunng j

The current understanding of the focal appeared to have been dragged up into the this remarkable earthquaha sequence t
<

parameters and inferred fautting of the titt aiong the direction of ice movementi

i Miramichi earthquakes (as summan2ed Acknowledgements
I above) is much better than for any equiva- Future Work We are grateful to our colleagues at the
'

lent rnagnitude earthquakes anywhere in Our investigations of the epicentrat area Earth Physics Branch. H J Wetmilier. A E.
eastern North Amenca However, in spite of are by no means concluded in 1984 a Stevens. F M Angian and H S Hasegawa
this we are not yet much closer than mu't: agency project led by Ontano Hydro from whose work we have drawn liberally

[
|before to t'anng a general understanding intends to mane direct measurements of for this article J Waltach of the Atomic |

of the types of geological features or struc- horizontal st esses at four or five sites Energy Control Board was instrumental in j
tures on which s.milar earthquakes will within and outside the epicentral area The arranging the 1983 bedrock clean off oper- (
occur n the future, i e , the random earth- measuremer'ts will be made by overconng ation in New Brunswick. We a(so ackou*l- Ii

quake model still provides our best esti- .n 15 m deep hoses, and should provide edge the escetient cooperation and timely !d

j mates Further work m Miramichi may vatuabte data about regional and tocal post geophysical and geological mapping pro- |

; provide additonal clues earthquake stresses Also in 1984. the vided by J Chandra and L Fyffe of the ,

Earth Phy9cs Branch willlead a second New Brunswick Department of Natural |
Work in Progress muitragency project to expose bedrock Resources j
Three f>ed projects in addition to the bed- along a narrow stnp across the expected [

'

rock cleanoff protect described above were
I, conducted in the Miramichi epicentral zone $$% Q .

ry #., M l
] in the summer of 1983 A number of s tes g ''

a *

Iwere occuped by analogue and dqtal 4 @", jg ,& ' .
* * *

; seismographs to record continuing after- ,Q /sgsm 4., Q ^ |
*

v " ' '*j'y . * , *j shocks and two cakbration eaplosions
,he

. ~. , * / E '** 3.*b (d m| were detonated in shallow holes to deter-
'

.

O' ''

j mine more accurate local crustal velocities * 3

; The aftershock survey was designed to d/ . ., ,

I'[ f
.

| determine accurate hypocentres of continu- ..}N 3

*
.

.

f eng activity m the sha: low portion of the .-
'

- eastem af'ershock cluster (Fig 6) The 2d ', f f M[U
1

W |

hoped that the results will more clearly
_ [k,[ [,6 jdata are now being anatyred and it is Y

'

'

ag , , , ,,
.

I define the near surface faults on which the
'~ .,,6. I*

[h*
aftershocks are occurring and. thereby. .-

' }'p*gJ| provide better target areas for a further | .j ' , , ,

'' *search for the surface espression of the v* a.
i

*
j faults g, .

3 ,
,*J'- $ eA magnetotallunc (MT) survey was con- % ) , *,

ducted using both tensor MT and scalar <a , ,,

'.3 (! audiomagnetote!!unc (AMT) techniques a +'

| Tensor MT soundings were made at eleven '?
,

I locations inside and on the edges of the f ,.

| epicentral region to estabbsh the conduc- [ ,,,

tivity structure throughout the crust Scalar
AMT rreasurements were made at ngure 7 vow of pop up educed by removing poserion of sian Compass provedes s< ala and I,

seventy six locations along an E W profile r,n overburden Note amar crack gav under pomrs north j
n the east-central portion of the tone twed sian, and dirt oded up aprist ftsmer ;

.

I
I
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